The genetic microstructure of two Spanish cat populations (in Barcelona and Alicante) was studied. These populations were in Hardy-Weinberg equilibrium at the locus O . There was significant genetic heterogeneity for most of the loci studied at the colony level, especially, and the subpopulation level in Barcelona, and at the subpopulation level in Alicante, although the amount of heterogeneity was relatively small compared with that found in other mammal species. Therefore, the major part of the gene diversity found was at the level of the small population structure (colonies). This agrees quite well with high theoretical gene flow estimates.
INTRODUCTION
There are a good number of publications describing the genetic profiles of more than 400 cat populations worldwide. These profiles use genetic markers which code for coloring, pattern, length of fur, and certain skeletal anomalies. Nevertheless, there has been a noteworthy absence of data on the genetic structure of the cat populations at the microgeographic level. Only in recent years has there begun to be a detailed analysis at the microgeographic level as to what type of events could be directing the allelic frequencies in different cat populations in several cities of the world (Ruiz-Garcia, 1988 , 1989 , 1991 , 1994b , 1998 . Notwithstanding, we still do not possess a clear understanding of all of the evolutionary events which could be acting at this microgeographic level, and if they are always of the same nature in cat populations of different cities. Therefore, we were carrying out an in depth analysis of the genetic structure of two cat populations in two Spanish mediterranean cities (Barcelona and Alicante). The analysis of Barcelona's population is especially detailed, since it was possible to identify different subpopulations of cats that were isolated from each other there, making it possible to divide them on a still smaller geographical scale, using such defined sample structures as "colonies". In the case of the city of Alicante, it was only possible to perform the analysis at the subpopulational level, because the sampling was insufficient to determine the colony structure. The main microgeographic aspects which interested us in relation to the genetic structure of the cat populations of these two cities were as follows:
1/ To analyze the Hardy-Weinberg equilibrium at theO locus, at the colonial (in Barcelona), as well as at subpopulation levels (Barcelona and Alicante). 2/ To analyze the genetic diversity, heterogeneity, and the gene flow in the different defined sample structures in both these cities. 3/ To analyze by means of Lewontin and Krakauer's test (1973) the possible differential variance of the distributions of the allele frequencies of the genes studied, and, therefore, the possibility of the existence of diversifying and/or unifying selection affecting in various ways the alleles analyzed. In order to do this, we used different allele sets. 4/ To analyze whether the results obtained by this analysis were in agreement with the reported data from studies of the ecology, ethology and reproductive biology of this species.
Previous studies of the distribution of genetic variation in natural populations showed that differences are often greater at the microgeographic level than at coarser levels of structure. In fact, it may well be that in some mammalian (and other) species differentiation at the microgeographic level is the norm rather than the exception (Smith et al. 1978; Varvio-Aho and Pamilo, 1980; Lorenzini et al. 1993; Preleuthner and Pinsker, 1993) . The populations of many mammals appear to share a higher demic structure, with subpopulations divided into lineages. This has the effect of producing significant endogamy and largely limits the gene flow between these lineages (for instance, see Nevo et al. 1992) . Some of these studies have demonstrated that the effective number of these lineages (or demes or colonies) can be very small (DeFries and McClearn, 1972; Patton & Feder, 1981) and the relative importance of the stochastic processes in determining allelic frequencies can be very important. Immigrants introduced into such population structures have relatively little chance to influence the reproductive outcome, and so there is very little gene flow. The opposite conclusions have been reached in other studies (Jackson and Pounds, 1979; Baker, 1981; Lidecker and Patton, 1987; Berry et al. 1990) , where gene flow was observed to be important in social species. In populations of domestic cats, social interactions appear to have great importance (Kerby and Macdonald, 1988; Liberg and Sandell, 1988; Natoli and De Vito, 1988) and together with the reproductive structure of this species and with the actions of human beings as a powerful dispersion vector, it would be expected that the microgeographic structure of cat populations would conform with this second option. Nevertheless, although the human species can actively disperse cats, in order for the gene flow to be effective, it is necessary that the individuals that come to the new locality be able to interact reproductively with the individuals peculiar to the place. Therefore, the cats' social reproductive structure has to be flexible and "open" to accept foreign animals as reproductive elements. The genetic results obtained seem to agree quite well with this second kind of structure.
MATERIALS AND METHODS
Characters studied and areas sampled. The phenotypes of the cats were recorded directly from observations of animals. The genetic nomenclature used is in accordance with the Committee on Standardized Genetic Nomenclature for Cats (1968 . The inheritance of all of these characters follows simple Mendelian patterns which permits the easy calculation of allelic frequencies at the respective loci and they have been previously discussed in detail by Robinson (1959 Robinson ( , 1977 and Wright and Walters (1982) . Most of this work was done using the seven most commonly studied loci (O, A, T, D, L, S and W), which allows for comparison with previous studies. We introduce the use of the M and C loci (where they were observed) in certain analyses, as these two loci represent recent "exotic" additions to the genetic variance of the observed populations, and allow us to observe the introgression of foreign genes. Data on the phenotypes of the cats of Barcelona and Alicante were obtained by direct observations of individual animals in their "home" territories. Each cat was identified with a particular colony or subpopulation without any doubt. A photographic register of every cat was compiled. Each cat sampled was a stray, an alley-cat, a feral cat or "pseudowild". The colonial level in Barcelona was defined as the cats observed at fixed locations and which probably consisted of a few phylopatric female groups inhabiting a small ranging and clearly separated from other such populations by geographical distances ranging from 1000 to 7500 m, approximately, with a mean value of 4212 m. Defined in this way, the number of colonies studied in Barcelona was eleven. The subpopulational level was defined as the groups of colonies inhabiting neighbouring areas clearly separated from each other by geographic barriers (average separation distance was about 5-6 Km). For instance, there were subpopulations separated by 30 or more roads with very intense traffic as an artificial barrier. Defined in this way, we were able to define five subpopulations in Barcelona and four in Alicante. In Alicante, no further division of the population was possible (see Figure 1 ).
Hardy-Weinberg equilibrium. The Hardy-Weinberg equilibrium was analyzed at the O locus, because at this locus, one can determine the genotypic frequencies of homo-and heterozygotes. To test random mating at this locus, a G test was performed (Sokal and Rohlf, 1981) . Analysis of genic diversity and gene flow. For this purpose, we carried out a Nei's (1973 Nei's ( , 1987 genic diversity analysis. For each of the sampled loci at the subpopulation level in Barcelona and Alicante, we calculated the following statistics: H t (genic diversity in the total population), H s (average gene diversity within subpopulations), G st (Gene differentiation between subpopulations relative to the gene diversity in the total population), and Dm (the absolute intersubpopulational gene diversity).
A hierarchical gene diversity analysis was conducted in In Barcelona, for those subpopulations which could be divided into colonies, we calculated the statistical values of H si (gene diversity in the total i subpopulation), H csi (average gene diversity of the colonies within a i subpopulation), G csi (gene diversity between colonies relative to the total genetic diversity within a subpopulation), and Dm csi (absolute gene diversity of colonies within single subpopulations).
In addition in this study, the F st statistical value, cor- The estimates of F st were tested for significant deviation from 0 using the equation: χ 2 = 2 N t F st (k-1) with (k-1)(s-1) degrees of freedom, where N t is the total sample size, k is the number of alleles, and s is the number of subpopulations. To quantify the possible differences in heterogeneities introduced by each locus, the F-test of Fisher and Snedecor (Workman and Niswander, 1970) was used. By using the F st statistic, we obtained indirect estimates of Nm, the product of effective population size for the migratory rate per generation, by the n-dimensional island model (Takahata, 1983; Crow and Aoki, 1984) , where
2 , n being the number of subpopulations, or colonies, considered.
Selection analysis. In order to verify globally whether any type of selection has any sort of important effect on the genetic structure in the different microgeographic levels analyzed in the cat populations of Barcelona and Alicante, the Lewontin-Krakauer test (1973) was used. The theoretical basis of this test depends on the non-existence of significant heterogeneity in the F st values analyzed in the sample groups under consideration if this variation is due to stochastic processes affecting the same parameters and/or interpopulational gene flow, since those events would have to affect all the loci equally (Wood, 1978) . In principle, on the contrary, the existence of significant heterogeneity would suggest the presence of selective agents differentially affecting the analyzed loci. We used the value k=2 since this preserves a magnitude that is appropriate for a binomial distribution and for F st values between 0 and 0.05 (Nevo, 1973) . We applied this test to different loci arrays, including and excluding W, which is apparently under the control of uniformly negative selection-mutation equilibrium (Bergsma and Brown, 1971; Todd et al. 1977) , an including and excluding the C and M loci, which are considered to be genetic characteristics recently introduced in the cat populations through selective human action. However, the criticisms of this test should not be forgotten (Robertson, 1975ab) .
RESULTS

Phenotypic frequencies, gene frequencies and
Hardy-Weinberg equilibrium. The genetic profiles of the cat populations of Barcelona and Alicante, broken down into subpopulations and colonies, is given in Table  1 . In the case of Alicante, the M locus was not scored. Analysis of these data for Hardy-Weinberg equilibrium at the O locus with the application of a G test is summarized in Table 2 . There was no significant statistical deviation between the observed proportions and those expected for Hardy-Weinberg equilibrium at the O locus for any of the colonies studied in Barcelona or for any of the subpopulations studied in Barcelona and Alicante.
Genetic diversity, heterogeneity and theoretical gene flow. In Table 3 , we present the genic diversity analysis of the cat subpopulations in Barcelona and Table 4 . For instance, genic diversity analysis of the cat colonies in Barcelona showed a mean value of F ct ' = 0.031 ± 0.014. This value was slightly greater than that at the subpopulational level, but was low compared with the values in other organisms (Ruiz-Garcia, 1991) . Each colony had, on average, 96.86% of the total genic diversity found in the total cat population of Barcelona. At this level, we observed significant heterogeneity in all alleles, except in the a allele, and for the total value of the seven analyzed loci (F ct ' =0.0317; Σ χ 2 = 262.5, 70 df, P<0.001).
Some alleles, such as t b and l,showed significantly more heterogeneity than other alleles such as a and W (F-test of Fisher and Snedecor). The directly estimated gene flow at this sampled level was 6.3. The especially detailed analysis of the contribution of the defined cat colonies in Barcelona in subpopulations B, D and E turned out to be interesting (Table 5 ). The overall genetic heterogeneity in those subpopulations due to the contribution of their respective colonies was significant in these three cases (for seven loci in subpopulation B: F csB = 0.0293 ± 0.0161; subpopulation D: F csD = 0.0152 ± 0.0123; subpopulation E: F csE = 0.0324 ± 0.015). Nevertheless, the loci which contributed to this heterogeneity in each case turned out to be very different. In subpopulation B, the loci which yielded significant heterogeneity were O , t b , d and l (also c s ). The F csB values were especially elevated for the t b (0.0829), l (0.0627) and c s ( 0.0813) alleles. In subpopulation D, the alleles which showed significant heterogeneity were d, l and c s , with the last two being those which had the highest F csD values (0.0552 and 0.0541, respectively). In subpopulation E, all of the loci except a yielded significant heterogeneity, with alleles t b (0.0989) and l (0.0567) being especially outstanding. This interesting finding established that a recently introduced allele like c s showed an appreciable heterogeneity in these subpopulations. It is therefore at the colonial level where the stochastic processes can be greater (genetic drift, founder effects), and it is at this level that greater genetic heterogeneity was found.
Selection The selective neutrality of the loci analyzed was tested by the Lewontin and Krakauer (1973) test (Table 6 ). The results of this test, which is sensitive to heterogeneity in the allele frequencies, are given for various combinations of loci at different levels of structure.
In the cat population of Barcelona, at the subpopulation level, the loci O, a, t b , d, l, and S showed no significant heterogeneity. When the W locus was added to these, the heterogeneity was marginally significant (F(6, ∞) = 2.67, P<0.05) as it was when the C and M loci were added. This same analysis at the subpopulation level in Alicante did not show statistical significance independently from the groups of loci employed. That is to say, at the subpopulation level in both cities, the loci O, A, T, D, L, and S did not show significant heterogeneity. In contrast to this was the heterogeneity observed at the colonial level in Barcelona. Tests using the six loci above showed significant heterogeneity and the addition of the W, M and C loci Table 6 . Lewontin-Krakauer test applied to Barcelona and Alicante at the subpopulation level. S = Significant value. NS = not significant.
2.678 F(6, ∞) S p < 0.05
1.832 F(6, ∞) NS to these increased the value of F and made the tests more significant (P<0.001).
DISCUSSION
Hardy-Weinberg equilibrium. The analysis of the O locus in these two Spanish cities at the microgeographic level showed the probable existence of Hardy-Weinberg equilibrium at this locus. As has been verified in multiple studies in other cat populations (for instance, Lloyd, 1985; Ruiz-Garcia, 1990abcd, 1991 Ruiz-Garcia et al., 1995 , 1999 , the genetic structure of the cat populations reported here was characterized by not showing clear evolutionary events that cause deviations in the observed genotypic frequencies from those expected in HardyWeinberg equilibrium. Therefore, factors such as selection in favor and/or against the heterozygotes, or endogamy due to breeding among relatives, or positive or negative Wahlund effect due to geographical and/or temporal causes, can be ruled out as events with a determining influence on the cat populations analyzed at the O locus. Our findings do not necessarily mean that these populations are in perfect Hardy-Weinberg equilibrium (Smith, 1970) . Indeed, several tests of the existence of HardyWeinberg equilibrium showed a weak ability to detect type II errors, which, in some cases, do not detect the existence of effective endogamy in the samples analyzed (Ward and Singh, 1970; Pamilo and Varvio-Aho, 1984) . It has been shown that in populations where there is not panmixia, multinomial distributions which are very similar to the distributions in perfect Hardy-Weinberg equilibrium can appear (Li, 1988) . Furthermore, it was shown that in loci strongly affected by selection, this is not detectable using several current Hardy-Weinberg equilibrium analysis tests (Wallace, 1958; Lewontin and Cockerham, 1959; Li, 1959; Workman, 1969) . In addition, inability to reject the null hypothesis does not necessarily indicate that the hypothesis holds, only that the sample size was insufficient for its rejection (Lessios, 1992) .
Nevertheless, samples of hundred and thousands of individuals had been analyzed in more than 400 cat populations for these loci and, generally, no significant deviations from the Hardy-Weinberg equilibrium were detected. Some studies with blood allozymes in cat populations of the USA, Israel, Japan and Sweden also showed Hardy-Weinberg equilibrium (O'Brien, 1980; SaliternickVardy et al. 1980; Nozawa et al., 1985; Juneja et al., 1991) .
Genic diversity, heterogeneity, gene flow and population structure. In these Iberian populations, at the microgeographic level, the genic diversity of the total populations (H t ) differed only slightly from the genic diversity within the subpopulations (H s ) or within colonies (H c ). In Barcelona, the amount of diversity introduced by the structure at the colonial level was slighly higher than that at the subpopulation level (F st =0.0074 vs. F ct =0.031). It is straightforward to note that the genetic heterogeneity of several loci among the colonies within subpopulation B (O , t b , l, and d ) and within subpopulation E (t b , d, l and S ), in the same city, was relatively high. This shows that it is in the colonies that to some relative degree the founder effects and the genetic drift could have a chance to modify the allele frequencies. Nevertheless, the majority of genic diversity was contained within the smallest sample population structures. The observed differentiation in these cat populations was much smaller than that observed for other mammals (Massey and Joule, 1981; Patton and Feder, 1981; Chesser, 1983; Chesser et al, 1982; Navajas y Navarro and Britton-Davidian, 1989; Hartl et al, 1990 Hartl et al, , 1991 Daley, 1992; Bigalke et al, 1993; Preleuthner and Pinsker, 1993; Lorenzini et al, 1993; Corbet and Robinson, 1991; Corbet et al, 1994) . From our results, the smallest sampling unit of population structure contained 95% of the total genetic variation. Indeed, there seems to be a certain uniformity of the distribution of allelic frequencies which would be hard to explain using strong stochastic processes (drift, founder effects, population bottle-necks), although certain significant genetic heterogeneity was found especially at the colony level in Barcelona. This suggested that the effective population size must be large enough to resist the strong effects of drift. This may be explained by the relatively high levels of gene flow among the populations studied. It is known that populations with high levels of gene flow (Nm) have relatively little population structuring (i.e: Soltis and Soltis, 1989; Ruiz-Garcia, 1994b) . Several comments should be made about the gene flow estimates obtained here. Wright (1943) stated that in an island model if Nm>1 then gene flow is important enough to erase the genetic heterogeneity between the populations in equilibrium. In a stepping-stone model, this value must be larger than 4 (Trexler, 1988) . In both models, Nm<0.5 means that the populations are highly isolated. All the estimates of Nm in this study were very high (colonial level in Barcelona: Nm= 6.2; subpopulation level in Barcelona: Nm=21.4; and subpopulation level in Alicante: Nm= 5.7). However, a significant genetic heterogeneity was observed in all cases. This might be explained according to Allendorf and Phelps (1981) , who argued that the most correct interpretation of Nm>1 is that the populations share the same alleles, although not necessarily with the same allele frequencies. By means of simulation models, they showed that significant allele divergence ocurred in 50% of the generations with gene flow of Nm=50 and that significant allele divergence ocurred on most occasions when Nm=10. The estimates obtained for gene flow at this microgeographic level were probably underestimates of the true values (Ruiz-Garcia, 1991 , 1997a . These estimates were obtained with highly polymorphic loci and without consideration of the amount of local extinction and recolonization per generation (e o , extinction rate per generation, k number of colonists, etc) which can occur in these populations (Ruiz-Garcia, unpublished observations) . This has been demonstrated to augment the gene flow in the case of model I of Slatkin (1977) and Wade and McCauley (1988) with the migrant pool. In this model I, migrants move from an external source with a constant gene frequency to an infinite number of local colonies, with migrant pool, where new colonists (k) are randomly sampled from the entire population, and if k>2Nm + 0.5, the F st value obtained is smaller (and Nm is larger) than the F st expected without local extinction and recolonization. On the contrary, if the local extinction and recolonization process was generated by model II, where migrants are drawn at random from within a finite array of subdivided populations, with propagule pool, where the new colonies are founded by choosing colonists at random from a single randomly chosen colony, this process will generate F st larger than the F st expected without extintion and recolonization. Thereby, our values of gene flow (Nm) will be overestimations of the reality.
Selection. The Lewontin-Krakauer test applied to different geographical levels showed diverse results. For example, in Alicante and Barcelona at the subpopulation level, six loci did not present significant values. In the case of Barcelona at the subpopulation level, there were statistically significant differences due to the introduction of W, on the one hand, and c s and M, on the other hand.
This could be attributable to uniform selection against W and M, because they are alleles, which introduce viability problems in their carriers (Robinson, 1977; Todd et al., 1977; Adalstainsson, 1980) . In all the cases, the addition of W increased the values of the ratios S 2 Fst / s 2 Fst showing that the heterogeneity of this locus is much lower than those of the remaining six loci, confirming the possible action of uniform selection upon this allele. Nevertheless, significant values were observed at the smallest level, colonies in Barcelona. This should be an indication of selection differentially affecting the loci analyzed. However, the explanation of these the significant values may be of the same nature as some explanations previously expressed. The existence of historic-stochastic factors differentially affecting these loci and the existence of differential gene flow throughout the colonization history of a determined area should produce significant values of the ratio S (Robertson, 1975ab; Ruiz-Garcia, 1996; Taylor et al, 1995) .
Ethological and ecological concerns. The ethology of cats in urban populations has been well studied (Waser and Wiley, 1979; Dards, 1979; Natoli, 1985; Natoli and De Vito, 1988; Kerby and MacDonald, 1988) . The correspondence between these studies and the microgeographical data presented here was good. Many of the behavioural characteristics of cats provide good mechanisms to explain the observed levels of gene flow. Cats are territorial but do not hold exclusive territories. Rather, both males and females have overlapping home ranges, with the males having much ranges than the females. In fact, it is primarily males which are responsible for gene flow, as they breed promiscuously with many females over large areas (Leyhausen, 1965; Liberg, 1980 Liberg, , 1983 Izawa et al, 1982; Liberg and Sandell, 1988) .
A very important factor in the spatial distribution of cats (and many other carnivores) is the distribution of food sources for the species. As both males and females will congregate near food sources (in the case of cats, there are largely tied to the actions of humans), the availability of food only at specific locations will influence the amount of gene flow. As males enlarge their territories considerably during breeding periods to include many such locations (Corbett, 1979; Izawa et al., 1982) , they act as effective agents of gene flow.
Augmenting this behavior is that of the females toward male offspring. The females, and sometimes the resident males, will force pubescent males to leave the colonies of their birth (Liberg, 1980; Izawa et al, 1982; Warner, 1985) . These behaviors, coupled with the fact that there is no effective dominance hierarchy for mating success by males (Natoli and De Vito, 1988) tend to increase the amount of gene flow, reduce endogamy, and increase the effective population size. This is in clear contrast to the situation in other mammals with male dispersion (i.e: Scribner et al., 1991 , Kurt et al., 1993 , Nelson, 1993 .
